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SUMMARY 

The results of an experimental investigation of the effect of free- 
stream turbulence on the characteristics of the turbulent boundary layer 
on a flat plate are presented. 
the measurements available at the cessation of the work reported are of 
only moderately satisfactory accuracy. Despite this, the data presented 
are sufficient to demonstrate the following points. 

With the exception of the final runs, 

The normally employed correlations f o r  the turbulent boundary layer 
on a plate are, in effect, a limiting law for low turbulence in the free 
stream. Since the self-generated turbulence intensity in a turbulent 
boundary layer with l o w  free-stream turbulence is of the order of 5 
to 10 percent near the wall, this limiting law holds up to relatively 
high values of free-stream turbulence. However, when the free-stream 
turbulence is equal to or greater than the self-generated turbulence 
of the shear layer, considerable alterations in the boundary-layer char- 
acteristics occur. In particulL-, high values of free-stream turbulence 
increase the thickness of the boundary layer, create fuller velocity 
profiles, and raise the apparent value of wall shear. A s  would be 
expected, the distribution of iniensity of velocity fluctuations through 
the boundary iayer is also grsssly zl tereC?- Siwh altered boundary 
layers do not conform to the "universal" velocity profiles in the form 
of the law of the wall or the law of the wake. A straight-line portion 
of the layer on a semilogarithmic plot still exists but its slope and 
location are altered and are shown to depend upon the imposed free- 
stream fluctuation intensity. 

INTRODUCTION 

The experimental work described herein was undertaken as a result 
of observations made by Moore and Kline in the diffuser work at Stanford 
University (refs. 1 and 2). Moore and Kline found that insertion of 
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.-. rods upstream of the t h r o a t  of a wide-angle d i f fuser  a f fec ted  the i n i t i -  
a t ion  of s ta l l .  
f u l l y  developed separation. The effect iveness  of the rods i n  preventing 
separation w a s  dependent on rod s i z e .  

Rods were found t o  r e t a r d  and i n  some cases t o  prevent 

Further study i n  a water channel indicated roughly tha t  a three- 
f o l d  increase i n  boundary-layer thickness could be obtained merely by 
inser t ing  11 -inch rods near the channel i n l e t .  

t i o n s  it was decided that  there  may be an e f f e c t  of turbulence i n  t h e  

From the above observa- 
8 

f r e e  stream on turbulent  boundary-layer growth. W 
1 

Considerable work has been done on the e f f e c t  of free-stream tur- 3 
bulence on boundary-layer t r a n s i t i o n  and separation, f o r  example, ref- 6 
erences 3 ,  4, and 5 ,  and a l s o  on the e f f e c t  of surface roughness on 
drag, heat- t ransfer  coeff ic ients ,  and boundary-layer thickness,  f o r  
example, references 5 ,  6, and 7. Ludwieg and Tillman ( r e f .  8) reported 
a single t e s t  i n  which an increase i n  f’ree-stream turbulence produced a 
10-percent increase i n  f r i c t i o n  coef f ic ien t .  Wieghardt and Tillman 
(ref.  9) and Schubauer and Klebanoff (ref. 10) have noted t h a t  changes 
i n  free-stream turbulence a f f e c t  t h e  outer  port ion of the turbulent-  
boundary-layer p r o f i l e .  However, t h e  search of the above references 
and others indicated t h a t  only meager, i f  any, data were ava i lab le  on 
t h e  existence of the  above-mentioned e f f e c t  of free-stream turbulence 
on turbulent-boundary-layer growth, so it w a s  concluded that  a system- 
a t i c  experimental invest igat ion of t h i s  e f f e c t  should be undertaken. 

7 

The work reported here w a s  conducted a t  Stanford University under 
t h e  sponsorship and w i t h  the f i n a n c i a l  ass i s tance  of the National 
Advisory Committee f o r  Aeronautics. This work included construction of 
a small variable-turbulence wind tunnel and completion of tests adequate 
t o  show that  an important e f f e c t  of free-stream turbulence on turbulent-  
boundary-layer growth does e x i s t  f o r  high free-stream turbulence leve ls .  
It i s  suggested tha t  fur ther  work should be done t o  provide the basis 
f o r  correlat ion of t h i s  e f f e c t .  Future measurements should include an 
invest igat ion of the e f f e c t s  of pos i t ive  and negative pressure gradients  
and should include carefu l  measurements of w a l l  shear s t r e s s .  

NOMENCLATURE 

Symbols 

A,B constants i n  logarithmic v e l o c i t y  p r o f i l e ,  equation (2)  

c 
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w a l l  shear coef f ic ien t ,  1 - 2  pU, c f 

D turbulence-promoter (rod) dim'eter, i n .  

functions f ,  g 

I instantaneous current through hot-wire, ma 

k e qui valent uniform surf ace roughne s s 

P s t a t i c  pressure, ( l b  force) /sq f t  

dynamic pressure, -52 U /2gc, ( l b  force) / sq  f t  9 

- 
R e  Reynolds number, Uxp/p 

U instantaneous veloci ty  i n  x-direction, f t / s e c  

3 u = U/U* 

U instantaneous veloci ty  f luc tua t ion  about t i m e  average, i n  
x-direction, u - U, f t / sec  

U* f r i c t i o n  velocity,  {q 
X Cartesian coordinate measured p a r a l l e l  t o  tunnel axis from 

leading edge of p la te ,  in .  

Y 

y+ = (yu+pjjp 

Cartesian coordinate measured normal t o  p l a t e  from p l a t e  sur- 
face,  i n .  

z Cartesian coordinate measured p a r a l l e l  t o  p l a t e  from p l a t e  
center l i n e ,  i n .  

6 boundary-layer thickness, in .  

6* boundary-layer displacement thickness,  i n .  

e boundary-layer momentum thickness, i n .  

A distance downstream of turbulence promoters, 9 + x, i n .  



4 

CI 

P 

TO 

dynamic viscosity, (lb force)-sec/sq ft 

fluid density, (lb mass)/cu ft 

wall shear stress, (lb force)/sq ft 

Subscripts . 

b boundary layer 

ref reference quantity 

X x- dir e c t ion 

1 station 1 ( A  = 7.4 in.) 

L c) station 2 ( A  = 18.6 in.; x = 9.6 in.) 

3 

4 

station 3 (A = 28.3 in.; x = 19.3 in.) 

station 4 ( A  = 47.6 in. ;  x = 38.6 in.) 

w 
1 
3 
6 

00 free stream 

Not at i on 

1 root -mean- square value 

(7 time average value 

EXPERIMENTAL APPARATUS 

Wind Tunnel 

The experimental work was conducted in a specially constructed 

The wind tunnel is of the open- 
variable-turbulence-intensity wind tunnel in the Mechanical Engineering 
Laboratory of Stanford University. 
return, suction type with a 5 1  -inch-square test section (see fig. 1). 
The longitudinal component of turbulence intensity in the test section 
is variable from below 1 percent to above 20 percent. Various intensi- 
ties are achieved by means of interchangeable screens or rods mounted 

damping section. 

2 

near the beginning of the test section or just downstream of the c 

The damping section has a flow area 2 feet square 
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and cons is t s  of nine &-mesh, 4-mil wire diameter screens located every 
2 inches. To prevent separation of the flow from t h e  walls of the  t r a n -  
s i t i o n  pieces and t h e  consequent increase i n  turbulence i n t e n s i t y ,  the 
w a l l  contour and rate of change of t h i s  contour were made continuous. 
The entrance sec t ion  is  made wi th  e l l i p t i c a l  walls while t h e  contrac- 
t i o n  sect ion has walls made up of cubic a r c s  (design d a t a  taken from 
Rouse and Hassan, r e f .  11). 
and t r a c k  t o  make it movable f o r  addition or  change of screens i n  the 
damping section. 

The entrance sect ion i s  mounted on wheels 

Immediately following the t e s t  sect ion i s  a d i f f u s e r  f o r  the pur- 
pose of reducing the flow veloci ty  i n  the  long overhead duct leading 
from t h e  tes t  sect ion t o  the blower. The blower i s  located about 30 f e e t  
from the  t e s t  sect ion t o  reduce the propagation of mechanical vibrat ions,  
flow pulsat ions,  and noise from the blower t o  the tes t  sect ion.  

T e s t  Section 

The tes t  sec t ion  of the  wind tunnel i s  9 inches square w i t h  a 

present  maximum veloci ty  of approximately 130 f e e t  per second. The 
s ides  of the  t e s t  sect ion are made of Lucite ( see  f i g .  2) t o  allow vis-  
u a l  observations of the  flow. Access taps i n  t h e  t o p  and sides provide 
f o r  both horizontal  and v e r t i c a l  t raverses  of the  flow. The top taps  
a r e  constructed t o  f i t  the  micrometer t raverse  head described i n  the 
next sect ion and shown i n  pos i t ion  i n  f igure  2. The f la t  p l a t e  on 
which the  boundary-layer measurements were made i s  located s l i g h t l y  
below the center l i n e  of the  t e s t  section and has i t s  working surface 
facing up. The p l a t e  i s  made of brass and i s  f inished on the working 
s ide  with crocus cloth.  The nose i s  f a i r e d  t o  minimize downstream d i s -  
turbances. Static-pressure taps  of 0.020-inch diameter are located 
every 4 inches along the  length of the p l a t e .  

2 

The top of' t h e  test sect ion i s  =.&de sf a perforated brass p l a t e  
T'ne vttribtloii i r i  backed w i t h  a Fiberglas panel of varying porosity.  

porosi ty  w i t h  length is  such tha t  a constant free-stream veloci ty  and 
consequently a zero pressure gradient can be a t ta ined  i n  the  t e s t  sec- 
t i o n  without making t h e  passage divergent. A suction s l o t  i n  the bottom 
of the t e s t  sect ion,  4 inches downstream of the p l a t e  leading edge, 
allows adjustment of the locat ion of t h e  stagnation point  on t h e  nose 
of the  p l a t e .  

Immediately ahead of the t e s t  sect ion i s  the turbulence-promoting 
sect ion.  It i s  constructed so  that any s i z e  rods up t o  those of 
3/4-inch diameter may be inser ted  in  a s ing le  row i n  e i t h e r  the hori-  
zontal ,  v e r t i c a l ,  or crossed posit ions.  I n  the present experiment the 
dis tance from the  v e r t i c a l  rods t o  the p l a t e  leading edge w a s  9 inches. 
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Figure 3 shows 1/2-inch-diameter vertical rods inserted in the 
turbulence-promoting section. 

Instrumentation 

The hot-wire anemometer used in the present experimental work 
operates at a constant resistance for average velocity measurements 
but at constant current for turbulence-intensity measurements. For 
circuit description, theory, and operating instructions see reference 12. 

W 
Two wire sizes and materials were used for the hot-wire-anemometer 1 

3 
platinum. The initial work was done with a tungsten filament. However, 6 
as the work progressed, it was found that the filament calibration 
changed very rapidly and erratically. 
and components indicated no malfunction and since washing of the fila- 
ment almost always brought the calibration back to its original line, 
it was concluded that the tungsten filaments are very susceptible to 4 

calibration changes due to bombardment by dirt particles carried in 
the airstream. 
and the erratic shifts caused by dirt. A filter was mounted on the 
inlet to the tunnel and a calibration check was carried out before and 
after each run to prevent the inadvertent use of bad data. The platinum 
filaments were found to be more difficult to attach to the probe tips; 
however, once they were attached, the wire did not collect dirt as 
rapidly and hence far fewer erratic fluctuations in the calibration 
occurred (as seen in fig. 5 ) .  

filaments, 0.00033-inch-diameter tungsten and 0.000249-inch-diameter 

After a check of the circuit 

Figure 4 shows a tungsten-filament calibration curve 

The bridge circuit necessary for the measurement of average veloc- 
ity and the amplifying and compensating circuits necessary for measure- 
ments of turbulence intensity were contained in the Model HWB hot-wire 
circuit manufactured by the Flow Corporation. 
512 cathode-ray oscilloscope was used to set the proper hot-wire com- 
pensation f’requency as well as for visually observing the turbulent 
fluctuations. A Brown Electronik galvanometer was used in place of the 
galvanometer contained in the Flow Corporation circuit to provide added 
sensitivity and speed of reading. The voltmeter used in obtaining tur- 
bulence intensity was a Ballantine Laboratories Model 320 true root- 
mean-square voltmeter. The hot-wire probes were the two needle type 
probes made by Flow Corporation with an approximate distance of l/8 inch 
between needle tips. The probes were modified slightly as described 
later in this section. A Foxboro micromanometer was used in obtaining 
the axial static pressure gradient. Conventional Pitot-static probes, 
Kiel probes, and draft gages were used for measurements of free-stream 
velocity and for the hot-wire filament calibrations. 

A Tektronix type 

* 
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A creeper probe was designed and built for locating boundary-layer 
transition. The probe can be seen near the rear of the plate in figure 2. 
The probe is mounted on skids which ride on the plate. The impact tube 
on the nose of the heavy supporting rod is a 0.040-inch-diameter stain- 
less steel tube flattened to a 0.01-inch height. With this probe veloc- 
ities could be measured as close as 0.005 inch fYom.the plate surface. 
The technique of locating boundary-layer transition with this probe is 
described in the following section. A specially made static-pressure 
probe was mounted on the creeper probe to check the validity of the 
static-pressure distribution measurements made with the taps drilled in 
the plate. 
mately on the vertical center plane of the test section. 

The probe location was 5/8 inch above the plate and approxi- 

A micrometer traverse head was used to position the hot-wire ane- 
mometer probes accurately in the y-direction. The device is such that 
the probe is clamped to the extension rod of a depth micrometer through 
a close-fitting ball bearing. The micrometer stock is rigidly fastened 
to the frame of the traverse head which in turn can be mounted on the 
wind tunnel. Thus, turning the micrometer would drive the probe up and 
down. 
mately 0.0002 inch by interpolation between the 0.001-inch calibrations 
on the micrometer. The backlash in the bearing was approximately 
0.0002 inch. The micrometer head and probe can be seen mounted at 
station 3 in figure 2. 

The relative probe location could be determined to approxi- 

The vertical distance from the hot-wire-anemometer filament to the 
plate surface was determined by means of a thin, spring steel extension 
wire mounted on one of the filament-supporting needles of the hot-wire 
probe. 
When a 0.00035-inch-diameter filament was soldered to the probe tips, 
the filament center line was about O.GOi7 ir ich above the erid of the 
extension wire. 
be known when the extension wire just touched the plate and closed an 
cleztrk c i r c u i t .  The point of closing of the circuit could be deter- 
mined by a light and batteries in The circuii ur Ly rriesiis of 6ri ~Yczixtcr. 
The latter method was more accurate since the probe could always be 
zeroed at the same value of resistance. This method was used to obtain 
the distance from the needle tips to the extension wire tip. 
tance was measured several score times by three operators and in all 
cases was 0.0017 5 0.0002 inch. 

The extension wire extended beyond the needle tip by O.OOl9 inch. 

Thus, the distance of the filament from the plate would 

The dis- 

EXF'ER lMENTAL WORK 

Check on Flow Conditions and Their Control 

Prior to the taking of any experimental data, several short tests 
were made to see whether adequate control of the wind-tunnel variables 
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could be maintained. The following discussion presents some of the 
variables and how they were controlled. 

3 I 4 

Free-stream velocity profile.- Free-stream velocity profiles were 
obtained ahead of the plate (station 1) and at three locations along 
the plate (stations 2, 3, and 4) as a check on the tunnel flow symmetry 
and also on the secondary flows. Velocity traverses were made both 
horizontally and vertically ahead of the plate and horizontally at the 
three locations along the plate. The velocities were found to vary only 
slightly in the central ?-inch core of the flow, the greatest deviations 
from the average velocity occurring at the highest turbulence intensity. W 
Several typical free-stream velocity profiles are shown in figure 6. 1 
The following table indicates the maximum deviations from the average 3 
free-stream velocity which were observed at any station for the given 6 
flow conditions. 

l I Maximum e Rod size, in. 

7 I None I k0.4 

I 3eviation, percent, at station - 

I k0.2 I k0.2 1 k0.3 

In a l l  instances the velocity near the walls (outer region of the 
boundary layer) was higher than in the free stream. 
believed to be due to a secondary flow caused by suction through the 
top of the test section. 

This effect is 

Axial static-pressure distribution.- The experimental data pre- 
sented later in this section were obtained under the condition of a 
zero pressure gradient in the flow direction. The zero-pressure- 
gradient condition was achieved by means of suction through the porous 
upper wall of the tunnel (the wall opposite the plate) and by minor 
adjustment of the plate by means of its supporting screws. During the 
series of runs at 100 feet per second, the pressure was held constant 
to within kO.7 percent of L. During the runs of 50 feet per second, 
the pressure was held constant to within kO.5 percent of Typical 
pressure distributions are shown in figure 7. The pressure distribu- 
tion was measured in two ways. The measurements were originally made 
by means of 0.020-inch-diameter static-pressure taps drilled in the 
plate and spaced axially at &-inch intervals. These measurements were 
checked with a static-pressure probe mounted on the creeper probe 
described earlier. In this way measurements were taken at the plate 
surface and at 5 / 8  inch above the plate. The results agreed to well 
within the instrument sensitivity. 

&o. 

c 
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Location of boundary-layer transition.- In the present experimental 
work it was attempted to separate the direct effect of free-stream tur- 
bulence on the turbulent-boundary-layer growth from the variations in 
boundary-layer thickness due to a change in transition location with 
turbulence intensity, 
second) the transition location was held to the fir'st 3/4 inch of the 
plate for all turbulence intensities. To achieve a stable transition 
condition, the flow was made to approach the plate at a slight positive 
angle of attack. 
the plate resulted. 
3/8 inch long for all free-stream turbulence intensities and proved to 
be a very effective and stable transition initiator. 

In the first series of runs (at 100 feet per 

A stalled region just behind and above the nose of 
The stall occupied a region 0.010 inGh high by 

Transition was located by superposing measurements taken with a 
creeper probe on computed curves. From standard laminar and turbulent 
boundary-layer-profile equations, curves of (s, - qb)/L versus x 
were plotted for constant y. The experimental points obtained with 
the creeper probe at an approximate distance of 0.005 inch from the 
plate indicated that transition always occurred within the first 
3/4 inch of the plate (see fig. 8). 
velocity heads at 0.005 inch from the plate. 

The computed curves shown are the 

In the second set of runs (at 30 feet per second) there was no 
angle of attack on the plate and a boundary-layer trip was used to 
initiate transition. The trip was a 0.009-inch-diameter wire located 
3 / 8  inch downstream of the plate nose. 
was determined as above and was always found to occur within the first 
3 inches of the plate. As a point of interest, figure 9 shows the 
effect of free-stream turbulence and of the trip on transition location. 

The initiation of transition 

It should be noted that changes in the location of transition were 
very small and that the extent of the laminar and transition regions 
combined was less than 4 percent of the total length in all but two runs, 
where it did not exceed 7 perceiit. Coiiseqixntly, the o r l g l n  sf the t7z- 
bulent layer was assumed to be the leading edge of the plate in all 
cases. This should introduce no significant error in the data. 

Control of free-stream turbulence intensity.- The range of axial 
free-stream turbulence intensities available in the variable-turbulence 
wind tunnel in which the present work was done was from 0.7 to 20 per- 
cent, the lower intensity being obtainable as a result of nine 
O.OOh-inch-diameter, 64-mesh screens placed in the damping section of 
the wind tunnel (see fig. 1). The screens were a permanent part of 
the wind tunnel and acted as turbulence dampers and additionally flat- 
tened the velocity profiles. The ability of the screens to damp out 
upstream disturbances was checked by blocking one-half the flow just 
upstream of the screens. No change in the turbulence intensity or in 
the velocity profile in the test section could be perceived. 
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This result is not surprising since the screens were designed to - 
produce a free-stream intensity of 0.05 percent. 
this value and the 0.5 percent realized is due to the mechanical vibra- 
tions and pressure field arising from the only compressor available. 
Because of the added cost of a new compressor, it was decided to check 
the data for turbulence levels from 0.5 to 20 percent first, and to 
postpone the purchase of a quieter compressor until the need for it had 
definitely been established. 

The discrepancy between 

Turbulence intensities above 0.5 percent were obtained by inserting 
rods vertically just ahead of the test section. The leading edge of the 
plate on which the boundary-layer measurements were made was 9 inches 
downstream of the turbulence-promoting rods. 
intensities were measured on the vertical centerline of the tunnel at 
stations located 7.4, 18.6, 28.3, and 47.6 inches downstream of the rods. 
The first station is ahead of the plate leading edge and the latter 
three locations are coincident with the stations where boundary-layer- 
profile measurements were made. 

Free-stream turbulence 

For initial turbulence intensities above the natural intensity of 
the tunnel (about 0.5 percent) the turbulence intensity decayed as the 
flow progressed downstream from the promoting rods. This decay caused 
a decrease in intensity along the plate for all initial turbulence 
intensities in excess of 0.5  percent. Figure 10 shows the effect of 
rod size D and distance from the rods h on intensity. The experi- 
mental points are compared with a curve from Baines and Peterson (ref. 13) 
and appear to be reasonable although rather widely scattered. 

Operating Procedures 

Before any measurements were made in the wind tunnel, its flow 
characteristics and the control of variables were checked. The initial 
checks of free-stream velocity profiles, axial pressure gradient, 
boundary-layer transition stability, and free-stream turbulence- 
intensity control have been described in the preceding section. 
addition to the initial checks the procedure below was followed to 
assure that flow conditions were constant and that the hot-wire- 
filament calibration had not changed: 

In 

(1) Wash hot-wire-anemometer filament in acid. 

-. (2) Calibrate hot-wire anemometer against Pitot-static probe over 
the range of velocities of interest. 

(3) Establish flow conditions (free-stream velocity, pressure grad- - 
ient, angle of attack). 
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(4) Check hot-wire-anemometer calibration in the free stream 
(at 100 feet per second). 

(5) Zero hot-wire anemometer by means of extension wire and elec- 
tric circuit. 

(6) Make velocity traverse of boundary layer. 

(7) Check hot-wire-filament calibration in free stream. 

(8) Measure free-stream turbulence intensity. 

(9)  Remove hot-wire-anemometer probe from wind tunnel and wash 
filament . 

(10) Repeat steps (4) through (9)  at the other stations where 
boundary-layer-profile measurements are to be made. 

(11) Measure free-stream turbulence at station 1. 

(12) R u n  complete calibration of the hot-wire anemometer. 

The calibration checks indicated any changes in the set free-stream 
velocity as well as in the filament calibration. If at any time the 
calibration checks or the final calibration did not agree with the ini- 
tial calibration within 5 percent, the data obtained between the two 
calibrations were discarded. To make certain that the results of the 
hot-wire anemometer were correct, additional boundary-layer-profile 
measurements were made at stations 3 and 4 with a Pitot-static probe 
covering the portion of the boundary layer which is accessible by this 
means. 

To make certain that the changes in boundary-layer profile observed 
at 100 feet per second were due to changes in turbulence intensity and 
hiere n=t taxed $y wi~&-t l inn.el  characteristics at. that. veloci-try nr by 
the separated nose condition on the plate, additional data were taken 
with a platinum filament on the hot-wire anemometer at a velocity of 
50 feet per second. The rigorous procedure of calibration checks was 
not necessary with the platinum filament as the calibrations were very 
stable. 

Results of Effect of Free-Stream Turbulence 

on Boundary-Layer Growth 

The primary data were taken at three locations on a flat plate with 
a free-stream velocity of io0 feet per second and at five turbuience 
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conditions. 
wire-anemometer probe using a 0.0003>-inch-diameter tungsten filament 
and operated at a constant current. Measurements of average velocity 
through the boundary layer were made with the same hot-wire probe 
operating at a constant resistance ratio. 

Turbulence-intensity measurements were made with a hot- 

The distance of the filament from the plate, dimension y, was 
determined by means of an electric circuit, a feeler wire, and a microm- 
eter traverse head as described in the section on instrumentation. The 
range of initial longitudinal free-stream turbulence intensities under 
which the data were obtained was from 0.5 to 20 percent. The transi- W 
tion from laminar to turbulent boundary layer was fixed by means of the 1 
separated nose condition. 3 
sional and nondimensional forms in table 1. The results of the investi- 6 
gation are best seen in figure 11. 

The data obtained are presented in both dimen- 

Figures ll(a), ll(b), and ll(c) show the boundary-layer profiles 
in dimensional fora obtained for five free-stream turbulence conditions 
at stations 2, 3, and 4 (corresponding to length Reynolds numbers of 1/2, 
1, and 2 x 10 , respectively). 
a dimensional distance makes it possible to eliminate the variable of 
free-stream velocity which was difficult to preset from run to run to 
closer than k5 percent. The error in Reynolds number caused by using 
a velocity other than 100 feet per second is, of course, directly pro- 
portional to the error in the preset velocity. All of figures ll(a), 
ll(b), and 11( c) show the effect under investigation. However, because 
the boundary layer at stations 2 and 3 was quite thin, the effect of 
free-stream turbulence on the turbulent boundary layer can be seen best 
in figure ll(c) for station 4. 
the boundary-layer thickness appreciably. In fact, a change in intensity 
from 0.5 to 20 percent at station 1 causes the boundary-layer thickness 
on the plate to increase approximately threefold. Between the edge of 
the boundary layer and the knee of the velocity curves the velocity pro- 
files are seen to intersect so that the velocities near the knees of 
the profiles are higher at higher turbulence intensities. Both the 
increased thickness and increased velocity at the knee accompanying an 
increase in turbulence occur because of the more rapid interchange of 
energy between the free stream and the boundary layer at high turbulence 
intensities. A s  a result of the crossing of the curves there appears 
to be only a slight change with turbulence in both the boundary-layer 
displacement thickness 6* and in momentum thickness 0 .  Both quanti- 
ties have been computed for all the boundary-layer profiles by graphi- 
cal integration. The scatter in the computed values was too large to 
allow construction of definitive curves of 6* and 8 versus x. - 
However, there appeared to be a slight increase in both quantities 
with increased free-stream turbulence intensity. Values of 6* and 8 

6 The use of a nondimensional velocity and 

Increased turbulence is seen to increase 

obtained by the graphical integration of the experimental boundary-layer c 
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velocity profiles as well as those computed from a one-seventh-power 
velocity profile are tabulated in table 2. 

Figures ll(d), ll(e), and ll(f) present the same data as those 
shown in figures ll(a), ll(b) , and 11( c), but in nondimensional form. 
The boundary-layer thickness used to determine y/6 was found from 
the faired curve of U versus y. Note that 6 ig taken as the dis- 
tance from the plate where the velocity is 99 percent of 
bulence intensity at station 1 and the boundary-layer thickness m e  
indicated on all the nondimensional profiles. 

- 
U,. The t u -  

Early in the course of data taking it was observed that some of 
the measured boundary-layer profiles were quite erratic. Steps in 
vehcity of up to nearly 13 feet per second were observed between 
adjacent points where velocity changes should have been small. It was 
found that over 50 percent of the boundary-layer profiles obtained con- 
tained some irregularity. A close check was made of all the succeeding 
hot-wire-anemometer calibrations, and it was found that the calibration 
curves were shifting appreciably. One such shift is shown in figure 4. 
The hot-wire-probe operating time between the two calibrations shown 
was approximately 1 hour. Shifts sometimes occurred gradually, some- 
times in jumps of as much as 15 percent in velocity for a given current 
reading. When a check of the bridge circuit, of the probe, and of sev- 
eral filaments indicated no loose connections or faulty components, it 
was decided to check the hot-wire filament calibrations before, during, 
and after each run to make certain that no shifts in the calibration 
had occurred. Consequently, the early data were discarded, and the 
data described above were taken following the steps outlined under 
"Operating Procedures ." 

In order to check the results obtained with the hot-wire anemometer, 
data were taken at stations 3 ana 4, wi-ch a pitot-siaiic probe, at the 
same operating conditions as previously. The results are presented as 
before in table 3, and in figure 12. 
the later =leasl;remnts a i f i  the hot-wtre measurements; however; it did 
not appear to be so great. 

The same effect was observed in 

While the Pitot-static data were being obtained, a further investi- 
gation of the hot-wire-anemometer calibration-shifting problem was made. 
It was eventually found that dirt in the airstream impinging on and 
sometimes sticking to the filament was the cause of the changes in Cali- 
bration. A pair of impingement-type filters was placed in the wind 
tunnel just ahead of the damping screens to remove the larger dust par- 
ticles. 
but they were not eliminated. In the meantime a platinum hot-wire 
filament had been tried and was found to be far less susceptible to a 
dirty airstream even when dust was artificially added to the air. The 

The frequency of the calibration shifts was reduced materially, 
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only problem encountered was the breaking of platinum filaments by 
large particles of dust and by careless handling. 

To insure that the effect of turbulence on the boundary layer 
observed previously was not caused by wind-tunnel characteristics at 
the flow rate used or by the separated-nose condition, it was decided 
that data should be taken at a different flow rate and a nonstalled 
nose condition. 
Reynolds number of 1 x lo6 with a free-stream velocity of 50 feet per 
second. 
ment. 
boundary-layer transition was stabilized by means of a 0.009-inch- 
diameter trip wire placed on the plate surface, about 3/8 inch down- 
stream of the leading edge. The effectiveness of the wire in stabi- 
lizing transition has been discussed previously. 
tabulated in table 4 and are presented in graphical form in figure 1.3. 

Thus, boundary-layer profiles were'obtained at a 

The data were taken with a platinum hot-wire-anemometer fila- 
The angle of attack on the nose of the plate was eliminated and W 

1 
3 
6 

The data obtained are 

The large change in boundary-layer thickness observed in the previ- 
ous data was not apparent in the latter data. 
profiles of figure l3(a) show the same effects of turbulence on the 
velocity profile in the boundary layer. 
mental results in nondimensional form along with a one-seventh-power 
velocity profile. 
profiles obtained at a low-turbulence intensity would conform to the 
generally accepted one-seventh-power profile and that with increased 
turbulence the profiles would deviate from the one-seventh law. 
ever, none of the profiles corresponds well t o  the one-seventh profile. 
This difficulty will be discussed in some detail later. 

However, the velocity 

Figure l3(b) shows the experi- 

It was expected that one of the experimental velocity 

How- 

A summary of the boundary-layer thicknesses obtained at various 
turbulence intensities and values of x is shown in figure 14 for.both 
the tungsten hot-wire-filament and the pitot-static-probe data. A com- 
puted curve, obtained from the relation 

(1) 6/x = 0.376(Re) -0.2 

is also shown for comparison. 
of 6 obtained by averaging the two sets of points. As discussed pre- 
viously, high-turbulence intensities generate thicker boundary layers. 

The faired curves were drawn using values 

Measurements of Turbulence Intensity 

Within Boundary Layer 

A number of measurements of longitudinal turbulence intensity were 
made through the boundary layer. They were made in the same way as the - 
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free-stream turbulence measurements with distance from the plate deter- 
mined as in the velocity prof.i.le measurements. Several turbulence- 
intensity distributions are shown in figure 15. Measurements were made 
with a hot-wire filament at length Reynolds numbers of 1 x 10 and 

tunnel. The intensity distribution is seen to be quite independent of 
the length Reynolds number for a given free-stream turbulence condi- 
tion. Furthermore, the data for low free-stream turbulence intensity 
check the comparable measurements of KLebanoff (ref. 14) quite well, 
but the intensity distribution for high free-stream turbulence is 
greatly different. 

6 
2 x 10 ~6 with 3/4-inch-diameter turbulence-promoting rods in the wind 

Further Results With Modified Wind Tunnel 

Since the results reported above were not entirely satisfactory in 
the sense that the values of displacement and momentum thickness of the 
boundary layer scatter unduly and the velocity profiles at the lower 
values of turbulence level exhibit some unexplained intersections, a 
Wther check was instituted by comparing the results cbtaineO for 
mean velocity profile with standard correlations. It was found that 
the velocity profile form did not check the standard forms given, for 
example, by Clauser (ref. 15). Furthermore, the value of boundary- 
layer thickness found for the low-turbulence runs lies approximately 13 
to 20 percent below the usually accepted value given by equation (1) as 
shown in figure 14. 

These anomalous results raise some question regarding the validity 
of the data and, accordingly, a further study was instituted. After 
investigating various matters it was found that a secondary flow in the 
boundary layers of the side walls and on the plate was occurring because 
of the effect of suction through the top panel. The effect of the suc- 
tion on the main flow was very small and had been overlooked in the 
checks of flow conditions; however, the  effect m i  t h e  bo-icr~6h-y h y e r  
was considerable. Therefore, in order to check the validity of the 
data taken previously, additional runs were made with the suction panel 
of the wind tunnel blocked. 
achieve zero pressure gradient again. The results of these tests con- 
firm the prior findings and also probably explain the discrepancies 
observed in the earlier results. 

The test plate was tilted slightly to 

The procedures employed in this last set of tests were the same as 
those described previously; however, only traverses with pitot probes 
were made. Plots of the observed velocity profiles are compared with 
the accepted correlations of Schultz-Grunow (ref. 16) in figure 16 and 
the comparison for the low free-stream turbulence conditions is given 
in figure 16(a). The values of Cf used in forming u* were obtained 
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from replots of the velocity profiles using the method suggested by 
Clauser (ref. 15).  The good agreement with standard form is evident. 

With standard profiles established for low free-stream turbulence, 
the variations with intensity, as found previously, were checked. 
Results are shown in figure 17. 
approximately 50 percent in the 99-percent boundary-layer thickness 
with increased free-stream turbulence. It also suggests a moderate 
increase in the value of wall shear with increased free-stream turbu- 
lence. Figure 17 also shows substantial increases in 6" and 8. In 

Figure l7(a) shows an increase of 

short, the results as found previously with nonstandard velocity pro- W 
files are substantiated by the effects shown with "standard type" 1 
profiles. 3 

6 
Use of the standard profiles, however, leads to further conclusions. 

When the velocity profiles are standard, the effects of free-stream 
intensity variations at small values are not as great as with non- 
standard types. This definitely suggests that the small irregular 
variations in velocity profile at the lower free-stream intensities 
in the early data are probably due to variation in suction rather than 
to free-stream conditions. The effect of suction also explains the 
fact that 6 is lower than the standard value in figure 14 for the 
lower intensity cases. 
to a free-stream longitudinal turbulence intensity of approximately 
4 percent at the nose of the plate, fairly small changes in profile 
with intensity are found. These layers therefore will correlate in 
the usual forms of the law of the wall and the law of the turbulent 
wake. Therefore it can be concluded that these layers are essentially 
wall-dominated layers. 

6 Re = 2 x 10 , up As shown in figure 16(b) for 

However, when the free stream has a large turbulence intensity 
the boundary layer is no longer wall dominated and its character is 
altered considerably; it no longer satisfies the law of the wall and 
the law of the wake. This is clearly shown by the lowest set of data 
points in figure 16(b). 

The alteration in the character of the boundary layer, as evidenced 
by the distortion of the velocity profile, leads to two questions: 
(1) Does the velocity profile of a turbulent boundary layer with a very 
high free-stream intensity agree with the usual "universal correlation"? 
(2) If the velocity profiles with a high free-stream intensity will not 
conform to the universal correlation, can they still be represented at 
least by a straight line on a semilogarithmic plot? 

In order to check whether the velocity profile at high free-stream 
intensity will agree with standard form, the profiles were plotted c 

according to the method suggested by Clauser (ref. 1.5) and the indi- 
cated value of u* taken from the curves. This value was then used 
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to normalize the velocity profiles as shown in figure 16(b). 
files are of the form 

These pro- 

- - + u  + U = - = A l o g e y  + B  
U* 

It is clearly evident that, while the curves at the low free-stream 
intensities up to 4 percent fall back on the accepted curve, the dimen- 
sionless profile for the high free-stream intensity is no longer in 
agreement with the usual result. This shift of the curve is an uncor- 
related effect of free-stream turbulence intensity. Therefore, for 
very high values of free-stream turbulence, which produce layers which 
are not wall dominated, the velocity profiles cannot be resolved to the 
standard universal correlation of the semilogarithmic nature. This 
agrees with the large shift in intensity profile shown in figure 15. 
It also implies a shift in the value of from the standard values 
at high turbulence levels; it must thus follow that the skin-friction 
law for high external turbulence is not known. 

Cf 

Regarding the qcestion of whether the nondimensional profile will 
have a straight portion on a semilogarithmic plot, figure 16(b) suggests 
that it does. However, no firm conclusion can be reached on this point 
without further information. In the original argument as proposed by 
Millikan (ref. 17) such straight-line behavior on a semilogarithmic 
plot was based on the fact that there was coqlete similarity of 
boundary-layer profiles in the direction of flow. This implies a sim- 
ilarity of conditions in the free stream also independent of flow 
direction, a condition that is not fulfilled in the present tests 
where free-stream turbulence of necessity decays in the direction of 
flow. 

In Millikan's original argument he bases the derivation of the 
straight-line portion of the boundary layer on the fact that both of 
<ne expressions 

f?+ = f(T, PYu* t) where (y + O )  

and - - 
= g(g) where (g) + 0 u, - u 

U* 

( 3 )  

(4) 

are known to apply. However, for the present conditions this is not 
lmown to be the case and would constitute an unwarranted assumption 
based on the data available. Hence no firm conclusion can be reached 
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on the second question. 
that the second question can probably be answered in the affirmative. 

Despite this, the data of figure 16(b) suggest .I 

Stanford University, 
Stanford, Calif ., May 15, 1958. 
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TABLE 3.- BOUXDARY-LAYER VELOCITY PROFILE DATA TAKEN WITH 

PITOT-STATIC PROBF: FOR RUNS OF 100 FEET 

PER SECOND 

(a) No Rod 

Station 3 ( ~ e  = 1 x lo6)  

Y 

0.014 
.015 
.017 
.020 
.022 
.024 
.026 

' .028 
.030 
.033 
035 

.038 

.045 

.050 
-055 
.060 
,2164 
.070 
.090 
.110 
.160 
.210 
.310 
,410 

.040 

.510 

.610 

.710 

-- 

0.040 
,043 
.049 
0057 
.063 
.069 
,074 
.om 
.086 
.094 
.loo 
.io8 
,114 
.I28 
.143 - 157 
-171 . i o j  
,200 
257 

.314 
0457 
.600 
.886 
1.171 
1.459 
1.742 
2.028 

- 
U 

61.3 

62.5 
63 - 5  
64.4 
64.9 
65.5 
66 .o 
66.4 
67.1 
67.6 
68.2 
68.6 
69.6 
70.6 
71.5 
72.1 
I 2  .I 
73.9 
76.6 
79.3 
84 *9 
89.6 
96 *9 
99 -0  
99.3 
99 -3  
99.3 

61.4 

-7 

0.618 
.619 
.630 
.a0 
.649 
.654 
,660 
.665 
,669 
.676 
.681 
.687 
.691 

.711 

.720 
,726 

745 
-772 
799 
855 
903 
976 
998 

- e 7  . ( V I  

-7 /- 
1)" 

1 .ooo 
1.000 
I. 000 

Station 4 ( ~ e  = 2 x 106) 

Y 

0.014 
,015 
.017 
.019 

.027 

.029 

.032 

.022 

.024 

,034 - 037 
.042 
.047 
.a52 
-057 
.062 
.072 

.112 

.162 

.212 

.312 

.412 

.512 
,612 
.712 
.812 
.912 

1.012 

nnn .uyc 

0.021 
.023 
.026 
.029 
.034 

.041 

.Ob5 

.049 

.052 
-057 
.065 
.072 
.a80 
.088 
-093 
.111 

.172 

.249 

.326 

.480 

.634 

.788 

.942 
1.095 
1.248 
1.401 
1 558 

a037 

1 I ,  1 . l - tL  

- 
U 

58.1 
57.6 
59 -1 
59.6 
60.5 
61 .o 
62 .o 

62.9 
63.1 
63.6 
64.5 
65.1 
66 .o 
66.5 
67 .o 
68.3 

72 .o 
75 07 
79 * 3  
85 .I. 
90.1 
94.2 
97 *o 
98.1 
98.5 
98.5 
98.4 

62.4 

vn -I 
1 V . L  

- -  
U l  urn 
0.590 

-585 
.600 
.605 

.619 

.630 

.634 
639 

.641 

.646 
655 

.661 

675 

.614 

L w n  
.U(U 

.681 

.694 

731 
.781 
-805 
.865 
915 

-957 
9 985 
996 

1 .ooo 
1 .ooo 

999 

Tnn . ( L C  
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TABLE 3.- BOUNDARY-LAYER ELOCITY PROFILE DATA TAKEN WITH 

PITOT-STATIC PROBE FOR RUNS OF 100 l?EXT 

PER SECOND - Continued 

(b) l/&inch-diameter rod 

Stat ion 3 ( ~ e  = 1 x 106) 

Y 

0.014 
.019 
*039 
-059 
.084 
. io9 
.134 
-159 
.209 
-259 
309 
359 

.409 
0459 
* 509 
584 

.659 

.734 

Y / E  

0.032 
.043 
.089 
.134 

.248 

.191 

305 
.361 
475 

-589 - 703 
.816 
.929 

1 .Ob1 
1.157 
1 332 
1.500 
1.669 

- 
U 

64.3 
66.6 
71.8 
76.1 
78.4 
82.0 
84.4 
86.8 
90.9 
93.8 
96.4 
98.0 
99.1 
99 -9  

100.1 
100.7 
100.7 
100.7 

qrj, 

0 639 
.661 
.714 
.746 
779 

.814 
839 

.862 
-902 
.931 
956 

9 974 
9 985 
.992 
994 

1.000 
1 .ooo 
1 .ooo 

Y 

0.014 
.027 
037 

0057 
077 

.io7 
157 

.207 
257 
307 

.357 

.407 

.457 
507 

.582 
657 

.732 
807 

.882 
9 957 

1.032 
1.107 
1.157 

Y / E  

0.019 
.036 
.049 
.076 
.lo3 
.143 
,209 
.276 
.343 
.409 
.476 
.544 
.610 
.676 
776 

.876 

.976 
1.076 
1 177 
1.275 
1.375 
1.478 
1.90 

- 
U 

59.8 
64.1 
66.3 
69.4 
72.1 
75 00 
78.9 
82.3 
84.9 
87 *5  
89.6 
91.8 
93.7 

97 -4 
95 -4 

99 00 
100 .o 
100.4 
100. g 
101 .o 
101.1 
101.1 
101.1 

- -  
u/ urn 
0.591 

.634 
0655 
.686 
71-3 

.741 

.7& 

.814 
839 

,865 
.886 
907 

.926 

.943 
963 
979 
989 

.992 
0998 
999 

1 .ooo 
1 .ooo 
1 .ooo 
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T A m  3 .- BOUNDARY-LAYER VELOCITY PROFILE DATA TAKEN WITH 

PITOT-STATIC PROBE FOR RUNS OF 100 FEET 

PER SECOND - Continued 

( c )  3/8-inch-diameter rod 

Station 3 ( ~ e  = 1 x 10 6 ) 

Y 

0.014 
.019 
.029 
* 039 
.059 
* 084 
.io9 
.134 
159 
.209 
.259 
309 

.384 

.4>? 
534 
.609 . oe4 
-755, 
.834 
* 909 
.984 
1.059 
1.159 

0.023 
.031 
.048 
.064 
-097 
.138 
.179 
.220 
.261 
343 
.425 - 507 
.630 
.752 
- 875 
-998 
1.121 
i .244 
1.369 
1.493 
1.617 
1.739 
1 .goo 

- 
U 

65.7 
67.9 
70.9 
73.5 
77.1 
80.5 
83 .O 
85.3 
87.2 
89.9 
92.1 
93 -5 
95 -4 
96.5 
97.5 
98.0 
98.4 
98.6 
98.8 
98.9 
99 .o 
99 -0 
99 -0  

0.664 
.686 
.716 
743 
.7& 

.839 

.862 

.881 

.898 

.931 

.945 

.964 
975 
,985 - 990 
.994 
.996 
998 
999 

1 .ooo 
1 .ooo 
1 .ooo 

.814 

Station 4 ( ~ e  = 2 x 106) 

Y 

0.014 

.024 

.019 

.029 
039 
.049 
,059 
.074 
.089 
.114 
.139 
.I89 
.239 
.289 
.339 
-389 
-439 
.489 
.564 
639 
.714 
789 
.864 
' 939 
1.014 
1.089 
1.139 
1.189 
1.239 
1.264 

0.015 

.025 
,031 

.052 

.062 

.078 

.094 

.120 

.146 
199 
.252 
,304 
.357 
.410 
.462 
.j13 
594 
.673 
.751 
.830 
.910 
989 

1.069 
1.147 
1.200 
1.254 
1.305 
1.335 

.020 

.041 

- 
U 

61.4 
63.6 
65.5 
56.7 
68.5 
70 -5 
71.8 
74 .O 
75 -4 
77 -6 
79.5 
82.5 
85 .o 
87.5 
89.1 
90.8 
92.2 
83 - 5  
94 -9 
96 .o 
97 *o 
97 *7 
98.4 
98.9 
99 -3  
99.5 
99.7 
99.8 
99 09 
99.9 

0.615 
637 
.656 
.668 
.686 
.706 
719 
.741 
0754 
777 
796 
.826 
.851 
.876 
.892 
909 
923 

*335 
950 
.961 
971 
978 
985 
990 
994 

9 996 
9 998 
999 

1 .om 
1 .ooo 



TABLE 3 .- BOUNDARY-LAYER VELOCITY PROFILE DATA TAKEN WITH 

PITOT-STATIC PROBE FOR RUNS OF 100 WET 

PER SECOND - Continued 

( d )  1/2-inch-diameter rod 

Station 3 (Re = 1 x lo6) 

Y 

0.014 

.022 

* 037 

.017 

.027 

.062 

.087 

.112 

.162 

.212 

.262 

.312 

.362 

.412 

.462 

.512 

.562 

.612 

.662 

.712 

.762 

.812 

.862 

.912 

o .025 
.030 

.048 

.066 

.111 

.I55 

.200 

.289 
378 
.468 
557 
.646 
.736 
.825 
915 

1.003 
1.095 
1.181 
1 273 
1.362 

1 .$l 
1.631 

039 

1.452 

- 
U 

68.1 
69.7 
72.0 
73.5 
75.9 
80.2 
83.6 
86.5 
89.9 
92.5 
94.4 
95.8 
96.9 
97 -6 
98.4 
98.9 
99.4 
99.5 
99.8 
99.8 

100.3 

100.0 
100.3 

100.2 

- -  
ulu, 

0.679 
.696 
.719 
734 

9 758 
.a1 
.835 
.863 
897 
.923 
.942 
956 
967 
-973 
.981 
.986 
991 
992 
995 
995 
997 

1 .om 
1 .om 
1.000 

Station 4 (Re = 2 x lo6) 

Y 

0.014 
,019 
.024 
.034 
.044 
.064 
.089 
.114 
.I64 
.214 
.264 
.314 
.364 
.414 
.464 
539 
.614 
.689 
.764 
.839 
.914 
989 

1.064 
1.114 
1.164 
1.214 
1.264 
1.289 

Y 16 

0.016 
.021 
.027 
.038 
.049 
.072 . loo 
.128 
.184 
.240 
297 
353 
.409 
.465 
.521 
.606 
.690 
774 
.858 
.942 
1.027 
1.110 
1.198 
1 253 
1 .?lo 
1.363 
1.422 
1.450 

- 
U 

61.5 
63 -7 
65.8 

70 .o 
72.8 
75 -9 
78.1 
82.3 
84.5 
86.4 
88.5 
90.1 
91.4 
92 - 5  
93 -9 
95 -0 
96.1 
96.9 
97 -2 
97.8 
98.2 
98.3 
98.5 
98.6 
98.6 
98.7 
98.8 

68 .O 

0.623 
0645 
.666 
.688 
.708 
737 
.768 
.790 
.833 
.855 
.874 
895 
.912 
923 
-936 
951 
.962 
973 
.981 
984 
990 
994 
995 
997 
998 
-998 
999 

1 .ooo 

W 
1 
3 
6 



TABLF: 3.- BOUNDARY-LAYER VELOCITY PROFILE DATA TAKEN WITH 

PITOT-STATIC PRORE FOR RUNS OF 100 FEET 

PER SECOND - Concluded 

e u 
71.2 
73.5 
74 -7 
75.7 
77.2 
78.5 
74.5 
80.6 
81. .7 
83.1 
84.8 
86 .O 
87.1 
89.4 
91.3 
92.8 
94 .O 
95.8 
97 .o 
98.2 
98.8 
99.9 
100.4 
100.6 
101.0 

( e )  3/4-inch-diameter rod 

- -  
U/Um 

0.699 
.722 
.733 
.744 
.757 
.771 
.781 
*791 
* 802 
.816 
-833 
.844 
.855 
.878 
.896 
,912 
* 923 
.941 
.953 
.964 
* 971 
.981 
.9% 
.987 

c 

101.6 
101.6 
101.8 
101.8 
101.8 

Station 3 (Re = 1 x lo6) 

.997 
* 997 

L.OOO 
1.000 
1.000 

Y 

0.014 

.020 

.023 

.032 
-037 
.042 
.047 
.057 
.067 
.077 
.087 
,112 
* 137 
.162 
.187 
* 237 
.287 
.337 
.387 

' .462 
.512 
.562 
.612 

.712 

.762 

. a12 

.e62 

.912 

.962 
1.012 

.017 

.027 

LL., . ""L 

Y/6 

0.024 
-029 
.034 
-039 
.046 
.054 
.063 
.071 
.om 
097 
.114 
,131 
.147 
.I90 
.231 
,.275 
.317 
.402 
.481 
571 
.656 
.784 
.869 
.954 
1 .03? 

1.206 
1.295 
1.377 
1 A62 
1.546 
1.632 
1.717 

1 l . , X  
A. ' I L ,  

Station 4 (Re = 2 x lo6) 

Y 

0.014 
.017 
.01g 
.022 
.024 
.027 
.029 
.032 
.034 
037 
039 
.042 
.Oh7 
.052 

.062 

.067 

.072 

.112 

.162 

.212 

.262 

.312 
,362 
.412 

J I  63 

.512 

.562 

.612 

.662 

.712 
,762 
.812 
.%2 
.912 
.962 
1.012 
1.062 
1.112 
1.162 
1.212 

-057 

. I V L  

0.016 
.019 
,022 
.025 
.027 

.036 

.031 
a033 

a039 
,042 
.044 
.048 
.052 
.059 
.065 
.070 
.076 
.082 
.127 
.184 
.241 
.298 
,354 
.411 
.468 
536 
-1-/ 

.582 

.639 

.695 

.751 

.810 

.865 

.980 
1.037 
1 a093 
1.151 
1.207 
1.262 
1.321 
1.377 

.924 

- 
U 

65.7 
67.6 
68.3 
69.5 
70.3 
71.1 
71.5 
72.2 
72.7 
73.4 
73.6 
74.4 
75.2 
76 .o 
76.8 
77.7 
78.4 
79 .o 
82.7 
86.5 
89 .o 
91.1 
92.8 

95.4 
96.5 
97.4 
98.0 
98.6 
99.3 
99.7 
100.2 
100.6 
100.9 
101.1 
101.5 
101.5 
101.7 

94 .O 

102.0 
102 .o 
102 .o 

0.644 
.662 
.669 
.681 
.689 
.697 
.701 
.708 
.712 
.719 
.721 
.729 
.737 
.745 
0752 
.762 
.769 
775 
.811 
.848 
.873 
.894 
.g10 
.921 
935 

.955 

.961 
967 

9 974 - 978 
-983 
.985 
* 989 
991 
.995 - 995 
997 

1 .ooo 
1 .0oc 
1 .ooo 

all C; ., 8 -  



TAELE 4.- BOUNILARY-LAmR VELOCITY AND TURBULENCE-IWENSITY PROFILE 

JXTA TAKEN WDH PLATINUM HOT-WIRE-ANEMOKUXR PROBE FOR 50-FEET 

PEX-SECOND RUNS AT STATION 4 WITH R e  = 1 x lo6 

12.5 
13.1 
15.6 
27.8 
28.8 
29.7 
31.7 
32.1 
34.2 
34.9 
34.9 

0.0016 

.a45 

.0165 

.0265 

.0365 
A65 
.0565 
.0765 
.0965 
~ 1 6 5  
~ 6 6 5  

.2665 
3165 
~ 6 6 5  

.5165 

.5665 

.6165 

.7165 

.E3165 

.9165 
1.0165 
1.1165 
1.2165 
1.8165 

.0025 

.21@ 

.4165 

0.259 
.271 
.322 
.575 
.795 
.614 
.655 
.664 
.TO8 
.722 
.722 

0 .m21 
.ooj6 
.m56 
.oo% 
.0136 
.0186 
.0236 
.om6 
A36 
.05% 
.0786 
.0986 
.12% 
.1586 
.2086 
.2586 
. j O %  
.4086 
.5086 
.Go86 
.TO86 
.8086 
.9086 
1 .oo% 

-No rods 

0.002 
.004 
.007 
.024 
.Ob9 
.054 
.068 
.083 
.I13 
.142 

.245 

.171 

.319 
e392 
.466 
.540 
.612 
.758 
.831 
.904 

1.055 
1.320 
1.482 
1.640 
1.884 
1.966 
2.945 

1 .000 
1 .ooo 

48.7 1.008 
48.4 1.000 

47.5 .983 
46.9 .970 

1/2-in.-diam. rod 

O.Oa3 
.006 
.009 
.014 
.022 
.030 
.038 
.054 
.070 
.094 
.127 
.I59 
.207 
a255 
.335 
.416 
.496 
.658 
.818 
.979 
1.143 
1.301 
1.463 
1.773 

15.8 
17.9 
22.2 
27.4 
29.2 
30.8 
31.7 
32.8 
33.6 
34.2 
35.7 
36.8 
39.2 
39.4 
41.3 
41.7 
42.8 
46.3 
47.6 
46.5 
48.5 
49.4 
47.8 
48.1 

0.362 
.369 

.565 

.602 

.636 

.654 

.677 

.691 
-705 
.735 
.760 
. ,3439 
.814 
.851 
.860 
.882 
.955 
.942 
.959 
1.005 
1.020 
-985 
992 

.458 

20.27 

16.24 

15.60 

12.60 

20.79 
21.43 

1-5 87 

14.21 
14.02 

15.78 
14.41 
15.46 
14.99 

14.70 
17 *43 
14.65 
10.62 
10.64 
9.17 
10.20 
7.81 
5.73 
5.41 
9.37 
7.20 
5.79 

16.15 

21.05 
19.64 
19.63 
18.23 
17.11 
16.76 
16.80 

15.60 
15.21 

15 e05 
15.41 

15.21 
15 .OO 
14.72 
14.34 
13.62 

11.13 

8.29 

6.53 

15-57 
12.18 

9-15 
8.47 

7-19 

0 .0021 
.0045 
.ow6 
.0096 
.0146 
.0246 
.0346 

.0746 

.0546 

.io46 

.1546 

.2&6 

.3&6 

.4&6 

.5&6 

.6&6 

.7&6 

.a46 

.9&6 
1.0046 
1.1046 
1.9046 

o .0016 
.0036 
.0056 
.0086 
.0136 
.0236 
.0336 
a536 
.0736 
.0936 
.1136 
~ 6 3 6  
.2u6 
.2636 
.3136 
3636 

.5136 

.5636 

.6u6 

.7136 

.7636 

.9u6 
1.1136 

.4136 

.4636 

.6636 

.8136 

1/8-in.-diam. rod 

0 .003 
.006 
.007 
.012 
.019 
.032 
.&4 
.070 
.096 

.198 

.261 

.390 

.518 

.647 

.774 

.902 
1.035 
1.163 
1.342 
1.473 
2.450 

.134 

13 .1 
16.6 
25.4 
26.5 
28.1 
29.2 
30.2 
32 -7 
33.2 
33.9 
36 .o 
37.2 
39.7 
40.9 
43.7 
45.1 
46.9 
47.8 
48.7 
48.7 
48.7 
50.5 

0.269 
.341 
.521 
.545 
.576 
.599 
.620 
.670 
.682 
.695 
.739 
.763 
.815 
.a40 
.898 
-925 
.961 
.sa 
1.000 
1.000 
1.000 
1 e035 

j/k-in.-diam. rod 

0 .003 
.006 
.010 
.015 
.024 
.&2 
* 059 
-095 
.130 
.166 
.201 
.e89 
376 
.46g - 552 
.641 
-731 
.820 
.909 
1 .om 
1.088 
1 J75 

1.357 
1.265 

1.441 
1.619 
2.010 

15.1 
19.0 

25.1 
26.5 
28.8 
29.4 
30.9 

20.9 

32 -7 
31.7 
33.6 
34.6 
35.4 
36.7 
37.8 
38.4 

40.3 
40.3 
41.1 

41.8 
41.8 
41.8 
41.8 
40.0 
42.7 

38.9 

39.8 

0.361 
.455 
.500 
.600 
.634 
.688 
.703 
.739 
.782 
-758 
.m 
.a29 
.848 
.879 
.902 

.930 

.962 

.962 

.982 
-951 

1 .ooo 
1 .000 
1 .Ooo 
1 .Ooo 
.959 
1.022 

- 919 

21.44 
21.94 
18.25 
19.11 

16.77 
16.80 
1-5.74 
15.66 
15-54 
16.15 
14.72 
13.64 
12.25 
9.53 
7.86 
6.83 
6.39 
5.25 

17.14 

5.24 
5.24 
5.00 

13 A1 
17.47 
17.44 
15.84 
15.31 

13.44 
13.73 
12.40 
12.34 

14 3 7  

11.60 
11.70 
11.16 
10.37 
10.47 
10.39 
9.56 
9.42 
9-13 
8.93 
8.64 
8.25 
8.02 
7.70 
7.49 

6.09 
7.42 

F 
P w cn 
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Figure 6.- Horizontel, free-stream, dynamic head p r o f i l e s .  Data taken 
a t  s t a t i o n  4, 1 inch above p l a t e .  
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1.60 

1.40 

1.2c 

1 e o  

y, in. .8 

. .6 

.4 

f o 2  

0 

Rod (uf/cJ , 
diam., in. percen? 

5.5 
8.1 

- o none 
3/8  

A 1/2 
v 3/4 

L .  

6 (a) Dimensional profile; station 2; Re = 0.7 X 10 . 
Figure 11.- Veiocity profiles t d c e r ,  with tmgsten hot-wire-anemometer 

probe for runs at 100 feet per second. 
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V 

Rod 
diam., in. 

none 
1/8 
3/8 
I/ 2 
3/4 

.2 .4 .6 .8 1 .o 
c//v, 

( b )  Dimensional p r o f i l e ;  s t a t i o n  3; R e  = 1 X 10 6 . 
Figure 11. - Continued. 

. 
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y ,  in. . 
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diam., in. percent 

none 0.7 

1/8 1.9 

- 0  

' 0  
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V 
- 
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6 ( c )  Dimensional profile; s t a t i o n  4; Re = 2 x 10 . 
Figure 11. - Continued. 
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6 (d) Dimensionless prof i le ;  station 2; Re = 0.5 X 10 . 
Figure 11.- Continued. 
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1. 

Y/b 

t 

-. 
I Rod <uI/VJ 1, cuyv,, 

diam., in. percent percen?’ 6, in. 

( e )  Dimensionless prof i le ;  s t a t i o n  3; R e  = 1 X 10 6 . 

L 

0 

Figure 11. - Continued. 
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1. 

Y b  9 

- 
Rod ' CU'/G&, Cul/5,-&, 

&am-, in. percent percent 6 ,  in. 
0 none 0.7 0.7 0.65 

4.0 1.9 .61 

( f )  Dimensionless profile; station 4; Re = 2 X 10 6 . 
Figure 11.- Concluded. 
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1.6 

1.4. 

Rod (.1/R$3, 
diam., in. percent 

--- o none 

0 3/8  5.1 
a 1/2 6.2 
v 3/4 8.4 

0 1/8 2.2 

y ,  in. 

1 
1 

6 
( a >  Dimensional profile; station 3; Re = 1 X 10 . ( u1/Ew)5 values are 

taken from line in figure 10. 

Figure 12.- Velocity profiles t.&en w i t h  Pitot-static probe for runs at 
100 feet per second. 
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.2 .4 .6 .8 1 .o - -  
U/U, 

( b )  Dimensional p ro f i l e ;  s t a t i o n  4; R e  = 2 x 10 6 . (u'/zm)b values 
taken from l i n e  i n  f igu re  10. 

axe 

Figure 12.- Continued. 
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V .4 .5 .6 -7 .a 1.0 - -  
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(c) Dinensionless profile,; station 3; Re = 1 X 10 6 . 
Figure 12. - Continued. 
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(d) Dimensionless profile; station 4; Re = 2 X 10 6 . 
Figure 12.- Concluded. 

1.0 



53 

y, in. 

none 5.8 
1/8 5 .O 
1/2 6.5 
3/4 

IC I + I 

O A  

.2 .4 .6 .a 1.0 
$Ew 

(a) Dimensional profile; station 4; Re = 1 X 10 6 . 

4 M 

Figure 13.- Velocity profiles taken with platinum hot-wire-anemometer 
probe at runs of 30 feet per second. 
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6 
( b )  Dimensionless p r o f i l e s ;  s t a t i o n  43 R e  = 1 X 10 . 

Figure 13.- Concluded. 
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( a )  Nondimensional profiles. Re = 2 x 10 6 . 
Figure 17.- Velocity profiles taken with Pitot-static probe in modified 

twine 1. 
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(b) Dimensionless profiles. 

Figure 17. - Concluded. 
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